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I. INTRODUCTION

• Occasionally, a problem which has been “solved” returns to plague the unwar y
because the boundary conditions of the problem are subtly changed. The case of radiation
hazards to electronic circuitry is an excellent example. In the early and mid-sixties,
the remanents of the Starfish nuclear test provided a hostile electron environment in
the earth’s magnetosphere. The lethal effect of radiation was vividly demonstrated on
several satellites in orbit at the time of the test (e.g., TRAAC , Transit-4B). The use
of dev ices with low tolerance to radiation damage was avoided for those satellites which
had orbital requirements that took them into the region of the Starfish electrons. However,
a good model of the radiation environment was needed for both mission planning and
system/subsystem design. The first major model , funded by NASA and produced under
the direction of 3. 1. ~fette at The Aerospace Corporation, was the Aerospace Electron
Model-i (AEI) and included data from virtually all electron measuring dev ices that had
been flown on U.S. satellites up to that time (1964). Discrepancies of up to three orders
of magnitude occurred between data sets used in that model. Obviously, the model was
quite limited in accuracy, at best to perhaps an order of magnitude in the inner radiation
zone and perhaps two orders of magnitude in the outer zone (the great variability of
the fluxes in the outer zone had not been established at that time). As better data sets
became available, the electron and proton models were periodically updated. With the
decay of the Starfish electron contribution , the inner zone electron environment became
quite benign (relatively few electrons at energies above I MeV) and of concern only to
sensitive sensor systems; typical electronic components were several orders of magnitude

• harder than the radiation doses predicted for typical missions in space. But components
and missions change. Hence , the return of the problem.
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• II. THE LOW-ALTITUDE ENVIRONMENT

Figure 1 demonstrates the problem. For a typical polar orbiting satellite, in this
case a 450 nmi circular orbit , the radiation dose predicted by the latest NASA electron
environment , AE4/AE5, is presented along with some typical component susceptibilities.
For typical shielding thicknesses (satellite skin, box walls) of about 75 mils total , the
radiation environment was unimportant as long as only bipolar and T2L circuitry was
being used. The advent of large-scale use of CMOS, because of the low tolerance of
CMOS to radiation , brought back the radiation damage problem. The problem , of course,
extends to all devices with a low threshold for radiation damage (e.g., CCD’s, op-amps,
and optical couplers).

The lack of margin exhibited by Fig. I for CMOS on a typical polar orbit required
a more careful analysis of the AE4/AE5 models. The models themselves admit integration
errors of factors of 4 to 6 (a fact which is usually ignored by the users of these models).
The sources of the error are pr imarily inconsistencies between data sets and lack of
data at high energies. Figure 2 demonstrates the problem. The data sets disagree among
themselves by two orders of magnitude. A further problem is that the highest energy
point, determined by Explorer 26, comes from an instrument which could not be calibrated
with energetic electrons prior to flight.* Hence, the high-energy extrapolation of the
model is really only a guess, although the best that could be done with the data available.

4

Because of the severe weight penalty of shielding unnecessarily, a comparison
of the AE4/ 5 models was made with actual data from an energetic electron spectrometer
flown on the 0V3-3 (1966.-70a) satellite in 1966. The result is shown in Fig. 3. The agree-
ment between the model and actual flight data in the inner radiation zone (L < 2.4, where
L is McIlwain ’s parameter and in a dipole corresponds to the geocentric rad ial distance
of the equatorial crossing of the field line) was excellent , ~ 20%. However, a significant
discrepancy arises when the outer zone data are included: the model apparently is a
“quiet-time” model only. Following large geomagnetic disturbances , significant fluxes of

• *C E. Mcllwain , private communication (1976).
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Figure 3. Comparison of the Electron Spectrum in the
AE4 Model with t ~e Results Obtained from
the 0V3-3 Satellite for Two Data Sets Sorted

• According to Magnetic Storm History. The
“average” spectrum included all data , the “quiet-
time” data included only data preceeded by
magnetically quiet periods. All spectra are
for a ty pical polar orbit.
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energetic electrons appear in the outer zone and persist for some time.(2) These are
- • not adequately modelled in the present NASA models. Since the discrepancy is in the

energetic portion of the spectrum(E > 1.5 MeV), the dose effe ct is much larger than the
fluence effect. For the 450 nmi orbit , the I luences predicted by AE4/5 and actually
observed by the 0V 3-3 satellite differed by only a factor of 2. When calculations of
dose are made , however , the diffe rence is more like an order of magnitude for thick

• shields. Figure 4 demonstrates this effect. It also illustrates one of the problems common
to both the NASA models and calculations using real data.

• When in-situ measur ements of the radiation environment are made , only a portion
of the spectrum is measured. In the case of the 0V3-3 data set , the highest differential
energy channel was 2.31 MeV. For all practical purposes , the highest reliable measurement

utili zed in constructing the NASA models was 1.9 MeV. Above these energies , one must

extrapolate. Prior to the use of highly susceptible devices such as CMOS circuitry, the

accuracy of the extrapolation was almost totally irrelevant , since the high energy end
of the spectrum contributed significant doses only to very heavily shielded components ,
and for typica l missions that dose was orders of magnitude below the damage level.

For the purpose of calculating dose, two extrapolations of the 0V3-3 data were
made; one extrapolated the dose between 1.5 and 2.3 MeV to 5 MeV and assumed the F
flu x was zero at higher energies; the other was similar but utilized a 10 MeV cutoff.
zlgure 4 shows the effect of these extrapolations. Also included on Fig. 4 are two data
points obtained from a composite measurement of dose made on eight diffe rent satellites
utilizing approximately a dozen different dosimeters.* The dosimeter data covered the
time period 1966-1969. The bulk of the 0V3-3 results are available elsewhere.~~

A final check of the 0V3-3 results were made utilizing about 800 hours of data
obtain ed over a period of 15 months during solar minimum on the STP72-1 (1972-76b)
satellite. This satellite is in an orbit virtually identical to the 450 nmi orbit and should

• be an excellent check on the 0V3-3 results (which utilized extensive extrapolations to

3anni , private communication (1975) . 
• 

-
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low altit ude for the 450 nrn i result) . Figure 5 shows a comparison of the STP72- 1 measure-
ments with both “quiet-time” and “average” 0V 3-3 data. The low-energy portion of the

- STP72- 1 spectrum corresponds to quiet-time data (as would the expected during solar
minimu m) but the hi gher energy portion exhibits a harder spectrum than was expected.
It is probable that the effects of the August 1972 magnetic storm (one of the largest

• in the last two decades) on high-energy electrons in the outer zone were still present
1 

• 
in the early data from STP72-1 (launched on 2 October 1972).

I
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Figure 5. Comparison of sTP72- 1 Measurements with
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III. THE OUTER ZONE ELECTRON ENVIRONMENT

Because the discrepancy between standard models and the actual environment
appears to be limited to the outer zone electron component , it would be useful to examine
the morphology of the outer zone electrons in detail , particularly with respect to their

• 
response to magnetic storms. Figure 6 presents a series of electron energy spectra taken
just prior to, just afte r , and several weeks after the magnetic storm of 15 May 1969.
The data were obtained from magnetic-focusing electron spectrometers on the OVl- 19
(1969-25C) spacecraft. The instruments covered the energy range 53 keV to 5.1 MeV

:~ in 24 diffe rential energ y bands. In Fig. 6, one sees that the major effect of the storm
occurs in the >200 keV range , probably because the lower energy electrons are near some
self -limiting flux most of the time. After the initial injection/acceleration , the 200

ke V to 1 MeV component rapidly returns toward its initial value. However , the > 2 MeV

component is still increasing two weeks after the storm. Three weeks after the storm
C the very energetic component has started to decay, but is still about 134 orders of magni-

tude greater than prior to the storm. The flux did not return to prestorm levels until
several months later. To see how the outer zone electrons respond to magnetic activity
over a wide range of energy and L value , we generated Fig. 7 from the OVI- 19 data.

• Three energy bands at four discrete L intervals are plotted for the period March 1969
to February 1970. This period should encompass the peak of the last solar cycle and
should oe considered representative of solar maximum.

The most dramatic effects are seen in the 0.53 MeV electron channel at L = 3.5.
Changes of over 434 orders of magnitude are observed in response to storms. After the
sharp increase , an exponential decrease is observed with a several-day time constant.
Note that although all of the storms that produce effects at L = 3.5 in the 0.53 MeV
electrons also produce effects in the higher L intervals (further out in the magnetosphere),

• only two of the storms show significant effects at L = 2.4 (normally considered the outer
edge of the inner zone in the NASA models). Also, these effect s are relatively modest.
The effects at higher energies at L 2.4 are essentially negligible. The wide variability
in the 5.1 MeV flux is partially due to the low statistics associated with ‘ounting rates
near background.
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At higher L intervals, even the high energy electrons respond to relatively minor

• magnetic field disturbances. The 0.53 MeV electrons at L = 5.5 appear to be limiting
at a value of flux lower than that observed in the L = 3.5 interval , and hence do riot show
dramatic changes, although they do fluctuate rapidly in response to magnetospheric
activity. The higher-energy electrons respond to the same activity with about the same

- 
• 

magnitude of fluctuations (higher for large storms). However , the response in the interior
of the magnetosphere is different from the low energy response. At L = 3.5, the 2.6
MeV and 5.1 MeV electrons respond only to the two largest storms.

All of the data shown in Fig. 7 were obtained at altitudes between 2000 and 4500
km. (Daily averages of the measurements, appropriately normalized to B = 0.05 gauss,
are shown.) With a large data base such as this extending to higher energies than have
been available previously for modelling purposes, it is appropriate to attempt a refinement
of the AE4/5 moels. This we have done. However , first we will show that the relatively
low altitude data from OVI-19 are re?resentative of the environment farther up the field

• lines. In Fig. 8, we show data obtained from OGO-5 near the equator after a magnetic
storm in 1968 (data courtesy of H. I. West , Jr.). The inset in Fig. 8 shows the relationship
of the OGO-5 data to the 1968 storm and the similar relationship between the data from

C. OVI-19 at low altitude shown in Fig. 6 to its associated magnetic storm. The responses
at the equator and lower on the field line show qualitative agreement. All this means
is that equilibrium along the field line is achieved in a time span that is short compared
to the decay -ne. It has been previously shown~~ that >300 keV electrons at low altitude

come into equilibrium with the electrons at the eq..ator within 0.1 days.

Hav ing demonstrated that the low-altitude data from OVI-19 can be used for modelling j
the outer zone electron fluxes , we have one further refinement to make. The data of
Fig. 7 show two large storm responses. These data were obtained during solar max and
can not be considered to be representative of “normal” environments. Since one would
expect about one major storm per year on the average, the data for the periods Day •

139 to 163 and Day 205 to 235 were deleted from the data set. The resultant average
of the data is taken to be an “average” year for the purposes of obtaining a set of coefficients
for a temporary modification of AE4.
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at Low Altitude and the OGO-5 Spacecraft
at High Altitude for Similar Periods after
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• Major Magnetic Storms. refers to the

equatorial magnetic field value. The inset
details the storms in terms of D5t , a mea-
sure of diamagnetic effects on the earth’s
field.
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Average spectra were obtained for various L values between L = 2.2 and L = 8.0.

1:1 Since we are attempting to reduce orders of magnitude errors in the high energy portion
of the AE4 model to factors of 2 to 4, the data points were separated into two groups
which could be approximately fit with a straight line on log-log paper (i.e., function s
of the form N E = N0E~< , where N is the number of electrons per cm 2-sec-ster-keV and
E is the energy of interest) . Table 1 is the fina l result of the data reduction effort.

- . Figure 9 demonstrates how the coefficients are defined and determined. Note that the
data are normalized to B = 0.05 gauss. The actual distribution along the field line is

• 
- C a function of both L and magnetic local time. The equatorial value may be from 6

to 20 times greater than that observed by the OV1-19 at low altitude. Hence , a reasonable
assumption for high altitude fluxes is obtained by multiplying the OV 1-l9 results .
(Table I) by a factor of 8. This should be accurate to a factor of 2 or 3. A second approach
that can be used is to merge the table spectra abov e 1.5 MeV to the AE4 spectra. This
will give a result that should be good to a factor of 2 or 3 (on the low side). For the
purposes of calculating dose, the omnidirectional flux is required and these values are
unidirectional. A reasonable transformation from unidirectional to omnidirectional flux
is to multiply the unidirectional flux by 3.5 r . This approximation should be good . to -

•

about 15%. One final comment: the actual environment during a given mission can be
significantly different from the averages provided by Table 1 due to the particular sequence
of magnetospheric disturbances occurring during the mission. For example , a 60-day
mission at 15000 km starting at Day 275 of 1969 would hav e seen two orders of magnitude
more energetic flux (and three orders of magnitude more dose in heavily shielded com-
ponents) than a similar mission starting on Day 210.

Note:

N E = A 1E’< l E < E B

= A 2Ek 2 E > E B

Where N is in electrons/cm 2-sec-ster-keV at B = 0.05 gauss and E is in MeV.

*I-I. I. West , )r., private communication.
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Table 1. Outer Zone Energy Spectra Coefficients

2.2 850 -1.61 0.36 4.8 - 6.82

2.4 300 -2.17 0.)6 0.6 - 8.27

2.6 41 -3.70 0.40 0.026 -10.8

2.8 6.4 -3.98 0.42 0.11 - 6.29

3.0 67 -2.04 0.30 30 - 2.70

3.25 24 -2.42 0.32 13 - 2.86

3.50 105 -1.66 1.10 110 - 2.58
3.75 170 -1.41 1.15 190 - 2.00

-
~ 4.00 160 -1.62 2.8 480 - 2.66
- 

4.25 195 -1.54 1.10 210 - 2.22

4.50 235 -1.51 1.35 360 - 3.08

4.75 220 -1.54 1.40 470 - 3.74

-~~ . 5.00 235 -1.46 1.00 235 - 3.58
5.25 240 -1.42 0.91 190 - 3.85
5.50 200 -1.43 0.74 95 - 3.88

5.75 120 -1.78 0.75 60 - 4.15
6.00 50 -2.42 1.00 50 - 4.19
6.25 33.5 -2.29 0.54 13.0 - 3.88

4. 6.75 9.2 -2.68 0.70 3.9 - 4.95

7.25 2.15 -3.28 0.90 1.75 - 4.93

7.75 0.53 -3.85 0.80 0.27 - 6.9

8.25 0.19 -3.87 0.80 0.04 -12.2

4

1
1’

-19-

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C I.



--C—’-—-,-_,C_-
~~~~ -•--C-w •~ ‘•~•~~~•~~~~~~~ 

- -• - •~~~~~~~~~~ ~~~~~~~~~~ -- - — - W~~~~~~

0 o \ 1  I

\
\O 

~~~~~~~~ 
1.41

--

‘I ”

-~~~ 2 _
~~ 

IU 
—

L)

C,,

C E

NE=95 E 388
~
// 

~
1=5.5

B=O. 05 9

0.01 01 1 10
EIMeV )

Figure 9. Average spectrum at L = 5.5 Derived from the
OVI-l9 Data set with the Derivation of the C

Coefficients Given in Table 1 shown. B3, is the
break-point in MeV for the intersection of the
spectra.

.0

-20-

1__ _.__•__• • 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —C- 
~~~~~~

C.



-~ --~ ---~ --.~
- - -  -- - -~~~~~~~~~~

IV. THE SYNCHRONOUS ENVIRONMENT

The synchronous altitude continues to be a region of exceptional interest because
of the great number of satellite missions using and planning to use the geostationary
orbit.

The Aerospace experiment aboard ATS- 1 (launched December 1966) provided
extensive data on the energetic fluxes at synchronous altitude.~~ The Aerospace experi-
ment aboard ATS-6 (launched May 1976) has provided data to compare with the earlier
ATS-l results. The ATS-6 experiment had a channel at 3.9 MeV , whe reas the highest
energy channel on ATS- 1 was 1.9 MeV; however , a direct comparison can be made at
the lower energies. It should be remembered that the first ATS-1 data were acquired
during 1967, near solar maximum , whereas 1974 was near solar minimum. Furthermore,
the two spacecraft were not stationed at the same longitude; ATS-1 is at 150 W , whereas
the ATS-6 was acquired when it was at 94 ° W. Thus , ATS-1 is on the magnetic equator ,
whereas ATS-6 was at a magnetic latitude — 10 ° .

The ATS data were treated as follows: for each day of data , hourly averages
of the count rates were formed centered on the half hour. The probability P(F > Fx)
of observing an integral flux greater than F

~ was then calculated for each channel of
data according to the formula

Number of Samples with F > F
x = total Number of Samples

In Fig. 10 is shown P(F > F,~) for the three ATS-6 energetic electron channels
and the corresponding probability plots obtained from the AE4 model. It can be seen
that the environment at the energies under consideration shows a harder spectrum than
the AE4 model predicts.

In Fig. ll , the effect of the time in the solar cycle is shown in a comparison of
ATS- 1 data taken in 1967 and 1974. The two ATS- 1 data sets acquired at 150 ° W long itude
but separated in time by seven years , indicate that during solar minimum the energetic

-I
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elect ron radiation intensity increases about a factor of 2 abov e that found at the same
place during conditions of high geomagnetic activity characteristic of solar maximum.
There is also a suggestion that the spectrum has hardened somewhat in going from 1967
to 1974.

Figure 12 shows the AE4 data base for L = 6.6 Re~ 
the AE4 model and the

ATSC-6 time averaged electron spectrum. An additional channel of ATS-6 data , coverin g
140-600 keV , is shown here in addition to the th ree channels of ATS-6 data used in
Fig.1O.

The ATS-6 data , obtained slightly off the magnetic equator , indicated flu xes about
a facto r of 2 lower than ATS- l data obtained during the same time period. In other
words, the 94 ° W location (and similar other longitudes where the magnetic equator
dev iates from the geographic equator) is a more benign one. The drop off of radiation
with increasin g magnetic latitude appears to be more rapid than models predict.

The ATS-6 energy spectrum is substantially harder tha n the AE4 model. If the

- 
. - ATS-6 data are normalized to AE4 , at 1 MeV for example , there is about a fa~-tor of

4 hi gher flux for Ee > 2 MeV and about a factor of 8 hig her f lu x for Ee ~ 3 Me\’. Because
the high energy electrons dominate in the radiation dose behind thick shields , the difference
between the doses calculated for the AE4 model and the ATS-6 data for parts under
typical spacecraft structure is over an order of magnitude.

- 
.1
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TI l E  I V A N  A.  GETTING LABORATORIES

The Laboratory Operat ions of The Aero .pac e Corporat ion is conducting

exper imental  and t heo re t i ca l  i nv es l i ga t ion s  n e c e s s a r y  for  the evaluat i on and

applic at ion of s c i e n t i f i c  adv a nces to new mi l i tary concepts and sy s tem s . V e r -

ut i l ity and f lexib i l i ty have been developed to a high degree by the lab O ratory

pe rsonne l  in dealing with the many problems enc o untered in the nation ’ s rap id ly

developing space and miss i le  s y s t e m s . Exper t i s e  in the lj t e s t  s c ient i f i c  devel-

opmen ts is v i ta l  to the accomp lishment of t a s k s  re la ted  to the s e problems. The

la i i , , ra tor ies that cont r ibute to this r esea rch  are :

Ae rop hy s i c s  Laborat:~~~~ Launch and reent ry  aerodynamic . , heat trans-
fer . reent ry  p h y s i c s , c hemical k inet i cs , s t r u c t u r a l t i C e c h a n i c s . flig ht d ynam ics .
atmospheric pollution , and hig h-power  gas lasers.

Chemist ry  and Phy s i c s  Laboratory :  Atmosp heric react ions and atmos-
pheric o p t i cs , chemical  react ions in polluted a tmospheres , c hemi c al reac t ions

-. of e x c i t e d  s pec ies  in roc k e t  plumes , chem ical  th.-rmod ynamii s , p lasma and
laser - induced react ions , l i v e r  che mis t  ry .  propulsion c h e m i s t r y ,  s pace vacuum
and radiat ion e f fec ts  on mater ia ls ,  lubr ica t ion  and s u r f a c e  ph e n o m ena , photo-
s e n s i t ive ma te r i a l s  and sensors , hig h prec is ion  laser  rang ing, and the app li.
ca t i o n of phy s i c s  and c h e m i s t r y  to proble ms of law enforcement and biomedicine.

E lec t ron ics  Researc h  Labora tor y :  Electromagnetic theory ,  devices , and
propagation phe n o m e n a, inc luding plasma e lec t romagne t i c  a ;  quantum electronic . .
lase r s , an d e l e c t r o - o p t i c s ;  communication sc iences , applied e lect ron ics , sen -u -
condu c ti ~ig , su perconduct ing,  an d c r y s t a l  dev ice  ph y s i c s , opt ical  and acou s t i ca l
imaging; atmosp her ic  pollution; millimeter wave and f a r - i n f r a r e d  technology.

Mater ia ls  Sc iences  Laboratory : Development of new mater ia ls ;  metal
o mat r i x  i-omp~is it es and new forms of carbon; tes t  and evaluat ion of grap hite

and c e r a m i c s  in reen t r y ;  s p a c e c r a f t  mater ia ls  and electronic components in
nuc lear weapons environment ; application of f r ac tu re  mechanics to s t r e s s  cor-
ros ion and fa t igue- induced f r a c t u r e s  in s t ruc tura l  me ta ls ,

Space Sciences Labor ~~~~ y : Al~no spher ic and ionosp heric phy si c s . rad ia-

- 
t iOn from the atmosp he re , density and composition of the at mosp he r e , aurora c
a nd a i rg low; magr ue t osp he r t c  phy s i c s , cosmic rays , genera t ion  and propagation

-. of p lasma waves in the magnetosp here:  solar ph y s i c s , s tud i es  of s olar magnetic
f i e l ds ;  space astronomy, x - ray  as t ronomy;  the e f f e c t s  of nuclear explosions .
ma g n et i c  s to rms , an d sola t -  a c t i v i t y  on the earth’ s atmosp here . ion osp her c . and
m,ign et ns p he re ;  the e f f e c t s  of optical , e lec t ro m agnet ic , and part iculate radia-
t i on s in space on space  s y s t e m s .

THE AEROSPACE CORPORATiON
-; El Segundo , Cal i fornia
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